A 4-year-old female alpaca (Lama pacos [LPA]) was presented to the Oregon State Veterinary Teaching Hospital for failure to display receptive behavior to males. Although no abnormalities were found on physical examination, transrectal ultrasonographic examination of the reproductive tract revealed uterine hypoplasia and ovarian dysgenesis. Cytogenetic analysis demonstrated a normal female 74,XX karyotype with 1 exceptionally small (minute) homologue of autosome LPA36. Chromosome analysis by Giemsa staining and DAPI-and C-banding revealed that the minute LPA36 was submetacentric, AT-rich, and largely heterochromatic. Because of the small size and lack of molecular markers, it was not possible to identify the origin of the minute. There is a need to improve molecular cytogenetic tools to further study the phenomenon of this minute chromosome and its relation to female reproduction in alpacas and llamas. Key words: infertility, karyotype, gonadal hypoplasia, camelid During the past few years, several comprehensive reviews have been published on domestic animal cytogenetics including a detailed cytogenetic survey of livestock in Europe (Ducos et al. 2008) , cytogenetic analysis of embryos (King 2008) , cytogenetics of sexual development (Villagomez et al. 2009; Favetta et al. 2012) , and fertility (Villagomez and Pinton 2008) . Despite differences between species in reproductive biology, genome organization, and karyotypes, all studies provide compelling evidence that numerical and structural chromosomal aberrations are frequently associated with disorders of sexual development (DSDs) and reproduction.
During the past few years, several comprehensive reviews have been published on domestic animal cytogenetics including a detailed cytogenetic survey of livestock in Europe (Ducos et al. 2008) , cytogenetic analysis of embryos (King 2008) , cytogenetics of sexual development (Villagomez et al. 2009; Favetta et al. 2012) , and fertility (Villagomez and Pinton 2008) . Despite differences between species in reproductive biology, genome organization, and karyotypes, all studies provide compelling evidence that numerical and structural chromosomal aberrations are frequently associated with disorders of sexual development (DSDs) and reproduction.
Many congenital defects including reproductive tract abnormalities have also been described in camelids (Sumar 1983; Johnson 1989) . However, in striking contrast to other domestic species, only a few conditions, mainly in llamas, have been related to chromosomal abnormalities. These include X monosomy (Hinrichs et al. 1997; Tibary 2008) , X trisomy (Tibary 2008) , XX/XY blood chimeras (Fowler 1990; Hinrichs et al. 1997 Hinrichs et al. , 1999 , cases of 74,XX female-tomale sex reversal or intersex condition (Wilker et al. 1994; Drew et al. 1999) , and 1 report about the presence of a minute autosome in a llama with XX sex chromosomes (Drew et al. 1999) . The spectrum of associated reproductive tract abnormalities ranges from genital hypoplasia, enlarged clitoris, persistent hymen, vaginal strictures, segmental uterine aplasia, and double cervix to hermaphroditism, pseudohermaphroditism, and multiple congenital disorders (Johnson 1989; Paul-Murphy 1989; Fowler 1990; Leipold et al. 1994; Wilker et al. 1994; Lopez et al. 1998; Drew et al. 1999) . These studies suggest that, like in other species, some forms of DSDs and infertility in camelids are caused by cytogenetic abnormalities.
Until now, the only published article of the minute chromosome was a case of a female pseudohermaphrodite llama with multiple congenital abnormalities (Drew et al. 1999) . Here, we present a detailed clinical case report and cytogenetic analysis for an infertile female alpaca with a minute chromosome.
Materials and Methods

Case Description
A 4-year-old female Accoyo huacaya alpaca (Lama pacos [LPA] ) was presented to the veterinary teaching hospital at Oregon State University due to a lack of receptivity to breeding for more than 12 months. A physical examination with a complete blood count (CBC), serum biochemistry panel, and progesterone concentration was performed. In addition, a transrectal ultrasonographic examination of the anterior reproductive tract and a vaginoscopic examination of the posterior reproductive tract were performed. Based on the results of these examinations and a suspicion of chromosomal abnormality, 10 mL of whole blood from this patient, as well as from her sire and dam, were collected in sterile sodium-heparin vacuum tubes (VACUTAINER, Becton-Dickinson, Franklin Lakes, NJ) for cell cultures and karyotyping.
Chromosome Preparations and Cytogenetic Analysis
Metaphase chromosome preparations were obtained from short-term peripheral blood lymphocyte cultures using a standard protocol (Raudsepp and Chowdhary 2008) . Briefly, 1 mL of sodium-heparin stabilized whole blood was added to 9 mL culture medium containing RPMI Medium 1640 with Glutamax and 25 mM HEPES buffer (Gibco, Invitrogen Co., Carlsbad, CA), 30% fetal bovine serum (Gemini BioProducts, West Sacramento, CA), 1.4% antibiotic-antimycotic solution (Gibco BRL, Life Technologies, Carlsbad, CA), and 1% pokeweed mitogen (lectin from Phytolacca americana, Sigma Aldrich, St Louis, MO). The cells were cultured at 37 °C for 72 h; metaphases were arrested by treating cultures with ethidium bromide (Bio-Rad; final concentration: 10 µg/ mL) for 2 h and with demecolcine (Sigma Aldrich; final concentration: 0.1 mg/mL) for 1 h, followed by a 40-min treatment with Optimal Hypotonic Solution (Rainbow Scientific, Inc., Windsor, CT). The cells were fixed 4 times in 5 mL of methanol:glacial acetic acid (3:1), dropped to wet precleaned glass slides, and air-dried.
Chromosomes were stained with 5% Giemsa solution (Sigma Aldrich) in 0.07 M Sørensen's buffer (pH 6.8). C-banding was performed according to Arrighi and Hsu (1971) by treating slides in 0.2 N HCl for 5 min at room temperature, in 2.5% Ba(OH) 2 for 5 min at 60 °C, in 2X SSC (sodium chloride-sodium citrate buffer) for 5 min at 60 °C, followed by staining in 5% Giemsa solution in 0.07 M Sørensen's buffer for 1 h. G-banding-like pattern for chromosome identification was obtained by mounting chromosomes under a coverslip in DAPI-antifade solution (ProLong®Gold, Invitrogen).
Chromosome preparations were analyzed under a Zeiss Axioplan2 motorized microscope (Carl Zeiss MicroImaging GmbH, Gottingen, Germany). A total of 50 cells were analyzed and 30 cells were captured using Ikaros Karyotyping System version 5.2.2 and Isis version 5.2 software packages (MetaSystems GmbH, Altlussheim, Germany). Alpaca chromosomes were arranged into karyotype according to the nomenclature proposed by Balmus and colleagues (2007) .
Results
The overall physical examination, CBC and biochemistry panel from this female alpaca were within normal limits. The serum progesterone concentration was <0.2 ng/mL, consistent with a lack of luteal tissue. Ultrasonographic examination showed that the uterine horns were uniformly hypoplastic (0.8-0.9 cm in diameter) ( Figure 1A ) and both ovaries were small (<0.5 cm in diameter) with no evidence of follicular activity ( Figure 1B) . No other abnormalities were found on ultrasonographic examination. Vaginal speculum examination revealed a patent vestibule, vaginal lumen, and a normal appearing external cervix os. Based on these findings, a presumptive diagnosis of ovarian dysgenesis secondary to X chromosome monosomy (XO or Turner's syndrome) was made. However, with Turner's Syndrome, females are shorter in stature, whereas the female in this report was taller in stature so our presumptive diagnosis was on the basis of ovarian dysgenesis only.
Chromosome analysis showed that the animal had a diploid chromosome number 2n = 74, which is normal for the alpaca and other camelids (Bunch et al. 1985; Bianchi et al. 1986; Di Berardino et al. 2006) . Consistent with a normal female karyotype, there were 2 X chromosomes, thus negating X monosomy as a possible cause of ovarian dysgenesis (Figure 2A-C) . The morphology of the sex chromosomes and the autosomes was normal, except for the smallest autosome pair-LPA36. In all cells analyzed (n = 50), 1 homologue of LPA36 was consistently and significantly smaller (Figure 2 ). LPA36 was therefore referred to as the minute chromosome. Due to the exceptionally small size, the minute was easily recognized in all cells routinely stained with Giemsa ( Figure 2A ,B and D), and there was no need for differential banding for identification. Analysis of Giemsastained and C-and DAPI-banded chromosomes showed that both the normal and the minute LPA36 were morphologically submetacentric ( Figure 2D ), AT-rich, and DAPI-positive ( Figure 2F) , and contain C-band positive heterochromatin ( Figure 2E ). In all cells analyzed, only 1 minute LPA36 was present and the condition was never detected in homozygous form involving both homologues of LPA36. Although distinct morphological features of normal and minute LPA36 allowed telling them apart from other small autosomes, it was not possible to determine what kind of rearrangement had caused the formation of the minute.
The sire and dam of the infertile alpaca had normal male (74,XY) and female (74,XX) karyotypes, respectively, with no structural aberrations (data not shown), suggesting a de novo origin of the minute in this case. 
Discussion
To the authors' knowledge, this is the first published report of abnormal gonadal development and infertility in an alpaca also diagnosed with the minute LPA36. It is important to note that the term "minute" used in this study should not be confused with "double minutes," which are extrachromosomal amplified oncogenes in solid tumors of humans and mice (Shimizu 2009) . Until now, the only published article of the minute chromosome was a case of a female pseudohermaphrodite llama with multiple congenital abnormalities (Drew et al. 1999) . Although the study by Drew and colleagues (1999) did not identify this chromosome as LPA36, they were confident that the minute was a small autosome and not the Y chromosome because the animal was SRY-negative, had 2 X chromosomes and a normal 2n = 74 diploid chromosome number. Although the llama case presented by Drew and coworkers (1999) and the alpaca in the present study share similar cytogenetic findings and demonstrate abnormalities in sexual development and reproduction, they also show distinct clinical differences. The pseudohermaphrodite llama had normal-sized uterine horns and ovaries with follicles (Drew et al. 1999) , whereas the uterine body, uterine horns, and ovaries of the female alpaca in the present case were significantly underdeveloped. Thus, it is not clear whether the presence of the minute in these cases was causative or coincidental.
More evidence about the likely association of the minute with DSDs and infertility in llamas and alpacas is provided by the archived case reports at the Cytogenetics Laboratory of the University of Minnesota from 1996 to 2004 (Weber AF, personal communication). Out of 117 karyotyped samples of female llamas and alpacas, 37 (32%) carried the 74,XX minute karyotype. Though detailed information pertaining to the reproductive functions of these animals was not available, it was assumed that they were subjected for karyotyping due to reproductive or congenital disorders. Furthermore, from 2005 to 2011 the Molecular Cytogenetics and Genomics Laboratory at Texas A&M University identified 8 (15.6%) alpacas out of 51 infertile female alpacas and llama with the minute. This high prevalence of minute carriers among animals with reproductive disorders supports the idea about a causative connection between the minute and the phenotype. Merging the details of the aforementioned archival studies with the present case was not possible because access to the animals, samples, chromosome preparations, and DNA was not available.
It remains to be determined if the missing genetic material on the camelid minute autosome of the present study has been translocated onto another chromosome or lost from the genome entirely. Chromosome structural abnormalities have been reported in other domestic animal species in the form of deletions or exchange between 2 chromosomes (reciprocal translocation). Any deletion of genetic information that was genetically imbalanced would have a significant effect on phenotype, whereas balanced abnormalities tend to have little effect on phenotype (Halnan 1985; Iannuzzi et al. 2002) .
Previous studies have linked translocations between chromosomes to reduced reproductive performance. Basrur and colleagues (2001) showed that cows that carried an X autosome translocation (genetic exchange between an X chromosome and autosome) had higher rates of failed conception, abnormal embryos, and failure to return to estrus. These authors postulated that this might be due to chromosomal imbalance (Basrur et al. 2001) . A translocation to another autosome may also have an effect on reproductive performance as shown by cytogenetic studies in pigs (Ducos et al. 1998a (Ducos et al. , 1998b . In the case of the minute LPA36, it is unclear if the missing genetic material from this autosome has been translocated to another autosome or the X chromosome or if it has been deleted from the genome entirely.
To prove this, the origin of the minute must be determined: is it caused by a deletion, a translocation, or a complex rearrangement, and which genes are involved? A critical step will be the development of molecular markers for LPA36 and the minute, which is a challenge because, to date, no molecular counterparts to LPA36 in noncamelid mammalian species have been identified by Zoo-FISH (Balmus et al. 2007; Kulemzina et al. 2009 ). It is anticipated that an effective solution could be complete sequencing of a flow-sorted LPA36 by next-generation sequencing technology. The development of molecular markers for normal and minute LPA36 will be critical for diagnostics and for the improvement of our knowledge about the genetic factors involved in DSDs in camelids. Furthermore, development of polymorphic markers (microsatellites and SNPs) for LPA36 would allow testing the parental or de novo origin of this aberration in the future.
Funding
Alpaca Research Foundation.
